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I 
P ABSTRACT 
' I  Two success fu l  runs were completed w i t h  t h e  s i l i c a t e  r educ t ion  fu rnace .  Both 
an  a c i d  b a s a l t  and a g r a n i t e  were reduced wi th  methane gas; good material balances 
were obta ined .  Fu r the r  modi f ica t ion  of t h e  methane i n l e t  tubes  i s  sugges ted .  The 
f i r s t  long d u r a t i o n  run (60 days)  w i t h  t h e  carbon monoxide r educ t ion  appara tus  w a s  
completed under a v a r i e t y  of condi t ions wh i l e  maintaining s a t i s f a c t o r y  conversions 
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I .  OBJECTIVE 
The o b j e c t i v e s  of t h i s  program a r e  (a )  t o  s tudy  t h e  s i l i c a t e  r educ t ion  process  
w i t h  emphasis on t h e  design and experimental  ope ra t ion  of  a res i s tance-hea ted  s i l i -  
c a t e  r educ t ion  r e a c t o r ,  and ( b )  t o  s tudy t h e  e f f e c t  of long-term ope ra t ion  of  t h e  
carbon monoxide r educ t ion  r e a c t o r  on c a t a l y s t  l i f e .  
11. SUMMARY 
The program i s  divided i n t o  th ree  t a s k s :  Task 1, Carbothermal Reduction of  
S i l i c a t e s ;  Task 2, Carbon Monoxide Reduction, Methane Synthesis ;  and Task 3, R e -  
p o r t s .  Under Task 1, two runs of long d u r a t i o n  were completed w i t h  t h e  s i l i c a t e  
reduct ion  u n i t .  
( g r a n i t e  or ac id  basalt) u t i l i z i n g  a res i s tance-hea ted  fu rnace .  
were obta ined  i n  t h e  r e a c t i o n  between methane and t h e  s i l i c a t e  rock .  Modif icat ions 
of  t h e  i n l e t  t ube  des ign  are ind ica t ed  f o r  g r e a t e r  e f f i c i e n c y .  
This  u n i t  handles  a charge of  approximately 1 l b  of  s i l i c a t e  material 
Good carbon balances 
Under Task 2, t h e  f i r s t  run  of long d u r a t i o n  w a s  completed w i t h  t h e  carbon 
monoxide r educ t ion  r e a c t o r .  
a v a r i e t y  of  condi t ions  wi th  exce l l en t  carbon monoxide conversion (100%) and product  
y i e l d s  E e t h a n e  (99.8%); water (98.1%g.  
This run was continued f o r  1495 hours (62  days)  under 
I11 * TECHNICAL DISCUSSION 
A .  TASK 1, CARBOTHERMAL FEDUCTION OF SILICATES 
1. Reactor Mod i f  i ca t ions  
Heating t e s t s  were run up t o  1700°C wi th  t h e  appara tus  completely 
These tes ts  ind ica t ed  t h a t  f u r t h e r  assembled and no rock i n  t h e  furnace  c ruc ib le .*  
modi f ica t ion  of  t h e  f i r n a c e  . w a s  requi red .  
* 
See Aero je t -General  Q u a r t e r l y  Report 0765-03-1, Contract  NAS 7-225 (October 1964) 
for a complete d e s c r i p t i o n  o f  t h e  s i l i c a t e  r educ t ion  u n i t .  
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a .  Cooling c o i l s  were i n s t a l l e d  around t h e  o u t s i d e  of  t h e  s t ee l  
furnace  case  (see Figure 1). 
maintain t h e  s t e e l  case  below 100°C when t h e  c r u c i b l e  w a l l  temperature  was 1700°C. 
A t e s t  showed t h a t  t h e s e  c o i l s  were s u f f i c i e n t  t o  
3 
3 
b .  The hea t ing  c o i l  l e a d s  were increased  from 3 t o  6 s t r a n d s  
of 0.05O-in. molybdenum w i r e  and were clamped t o  t h e  water-cooled copper l i n e s  ex- 
tending  i n s i d e  of t h e  furnace .  No t r o u b l e  w a s  experienced w i t h  t h e s e  l eads  dur ing  
t h e  1700°C t e s t .  
c .  The melt ing c ruc ib l e  was shortened from 1 2  i n .  t o  8 i n .  
( s e e  F igure  2 ) .  
t h e  o u t e r  s h i e l d  c r u c i b l e  was shortened from 18 i n .  t o  8.5 i n .  I n  add i t ion ,  covers  
were made from z i r c o n i a  ( Z r 0 2 )  f o r  t h e  melt ing c r u c i b l e  and f o r  t h e  hea t ing  c r u c i b l e .  
These changes were made t o  decrease  the  h e a t  l o s s e s  from t h e  t o p  of  t h e  furnace  and 
t o  lower t h e  temperature of  t h e  gas  i n l e t  t ubes .  





d .  A cool ing  c o i l  of 1 /4- in .  s t a i n l e s s - s t e e l  tub ing  was i n -  
s t a l l e d  7 i n .  from t h e  t o p  of  t h e  furnace,  and 2 i n .  below t h e  t o p  of  t h e  gas  i n l e t  
be l l s  (see Figure  2 ) .  
below t h e  cracking temperature  o f  methane. The empty c r u c i b l e  t e s t  w i t h  t h i s  c o i l  
i n  ope ra t ion  was inconclus ive .  The cool ing c o i l  made con tac t  w i t h  one of  t h e  i n l e t  
b e l l s  which became e l e c t r i c a l l y  conductive and shor ted  t h e  hea t ing  c o i l  t o  ground. 
A new c o i l  was made which i s  s l i g h t l y  l a r g e r  i n  d iameter .  It does not  make d i r e c t  
con tac t  w i t h  t h e  i n l e t  b e l l s .  I n  add i t ion ,  more e f f i c i e n t  h e a t  i n s u l a t i o n  w a s  i n -  
s t a l l e d  i n  t h e  t o p  p a r t  of t h e  furnace  by r ep lac ing  t h e  A1 0 
bubbles .  
This  was done t o  maintain t h e  t o p  2 i n .  of t h e  i n l e t  b e l l s  
bubbles wi th  Z r 0 2  2 3  
e .  The i n l e t  tubes,  mel t ing c r u c i b l e ,  cool ing  c o i l ,  and fu rnace  
o u t l e t  tube were f a b r i c a t e d  as a u n i t  a t tached  t o  t h e  furnace  cover (see Figure  2 ) .  
This  permi ts  t h e  u n i t  t o  be assembled from t h e  t o p .  F i n a l  i n s u l a t i o n  i s  achieved 
by pouring Z r 0 2  bubbles through holes  i n  t h e  furnace cover .  
I 
f .  The fol lowing changes were made i n  t h e  u n i t  p ip ing  ( s e e  1 Figures  1 and 3) :  
(1) A rotameter  and a needle  va lve  were i n s t a l l e d  on each 
of t h e  t h r e e  gas  i n l e t  t ube  l i n e s .  T h i s  provides a means of flow c o n t r o l  t o  each o f  
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( 2 )  A rotameter ,  needle  va lve ,  and a f i l t e r  were i n s t a l l e d  
i n  t h e  o u t l e t  l i n e  from t h e  i n l e t  b e l l s .  This  permits  measurement and c o n t r o l  of t h e  
flow of  carbon monoxide g iven  o f f  from t h e  i n l e t  be l l s  as t h e  molten rock r e a c t s  w i t h  
t h e  carbon depos i ted  t h e r e i n .  
(3)  A f i l t e r  w a s  i n s t a l l e d  i n  the  o u t l e t  gas  l i n e  from t h e  
furnace  t o  remove dus t  and/or carbon from t h e  o u t l e t  gas  s t ream. 
(4) A & - l i t e r  surge  b o t t l e  was i n s t a l l e d  i n  t h e  o u t l e t  gas  
l i n e s  dowristream of  t h e  junc t ion  of t h e  furnace  o u t l e t  l i n e  and t h e  o u t l e t  l i n e  from 
t h e  i n l e t  b e l l s .  This permits  t h e  two streams t o  mix thoroughly so t h a t  t h e  t o t a l  
o u t l e t  gas  composition can be  accu ra t e ly  measured. 
g .  The i n l e t  tubes and i n l e t  b e l l s  as used i n  Runs 2 and 3 are 
The instrument  panel  as modified f o r  u se  i n  t h e s e  runs i s  shown shown i n  F igure  4. 
i n  F igure  5 .  
2 .  Reduction Experiments 
Three s i l i c a t e  reduct ion  runs were c a r r i e d  ou t  t h i s  quarter. The 
f i r s t  run  WLS d iscont inued af ter  6 hours o f  hea t ing  a t  which t ime t h e  s e a l s  around 
t h e  i n l e t  tubes  s t a r t e d  t o  l e a k .  These Viton rubber s e a l s  were replaced w i t h  s o f t  
rubber  seals f o r  t h e  second run .  
a .  Run 2,  Reduction of Acidic  Basalt 
The second r u n w a s  q u i t e  success fu l .  The d a t a  f o r  Run 2 are 
repor ted  i n  Table 1 and Figure  6 .  
carbon were charged i n t o  a 2 .5- in . -d ia  by 8-in.-deep, 0 .25-in.-wal l  z i r c o n i a  c r u c i b l e  
The t h r e e  i n l e t  tubes  were f a b r i c a t e d  from alumina and m u l l i t e  tubes  cemented t o  
0 .75 - in . -d i a  by 12-in.- long z i r c o n i a  b e l l s .  The b e l l s  extended t o  t h e  bottom of t h e  
c r u c i b l e  which w a s  f i l l e d  w i t h  t h e  b a s a l t .  The depth  of t h e  molten b a s a l t  was e s t i -  
mated t o  be about 3 i n .  a t  t h e  start  of t h e  run; i t  was on ly  about  1 . 5  t o  2.0 i n .  
deep a t  t h e  end of t h e  run .  The c ruc ib l e  w a s  placed i n  t h e  furnace  and heated a t  
t h e  rate of about 60°C/hour ( s e e  Figure 6 )  t o  16oo0c, and w a s  t hen  maintained a t  
1550 t o  1600Oc u n t i l  most of t h e  carbon charged (87%) was g iven  o f f  as carbon 
monoxide. 
t r a n s p o r t  t h e  product  gas  through t h e  a n a l y t i c a l  t r a i n .  
I n  t h i s  run, 392 g of  b a s a l t  and 8 g (2%) of 
An argon purge w a s  used t o  p r o t e c t  t h e  molybdenum furnace  winding and t o  
Nitrogen (25OC) cool ing i n  
L 
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t h e  s t a i n l e s s - s t e e l  c o i l  was used t o  maintain t h e  t o p  s e v e r a l  inches of  t h e  gas i n l e t  
b e l l s  below t h e  methane cracking temperature .  
A f t e r  t h e  carbon monoxide conten t  i n  t h e  product  gas  had 
dropped t o  below O . $ ,  t h e  methane feed gas  (95.2% CH4, 4.4% H2, 0.4% N 2 )  was i n t r o -  
duced a t  t h e  r a t e  of 0.10 g mole/hour. There w a s  no s i g n  of carbon d u s t  i n  t h e  e x i t  
gas  stream a f t e r  a f e w  hours had elapsed, so t h e  methane rate was increased  t o  0 .20  
g mole/hour. 
carbon d u s t  i n  t h e  product g a s .  Methane flow w a s  turned o f f  af ter  approximately seven 
hours of ope ra t ion .  
no t  f a l l e n  apprec i ab ly  when t h e  u n i t  was shu t  down ( s e e  F igure  6 ) .  
A f t e r  t h i s  w a s  done, t h e r e  was a n  i n d i c a t i o n  of a very  s m a l l  amount o f  
The gas  i n l e t  l i n e s  had - no t  clogged, and t h e  conversion rate had 
The las t  column i n  Table 1 g ives  t h e  cumulative recovery,  as 
carbon monoxide and carbon d ioxide ,  of t h e  carbon charged. 
charged w i t h  t h e  basalt w a s  recovered as carbon monoxide be fo re  t h e  methane feed  gas  
w a s  turned on .  The o v e r a l l  carbon recovery w a s  79%, which i s  b e t t e r  t han  t h e  r e -  
cover ies  which were achieved on t h e  previous program when both carbon and methane 
were used (Reference 1). 
About 87% o f  t h e  carbon 
Inspec t ion  of t h e  apparatus  a f t e r  t h e  run showed t h e  fo l lowing:  
(1) The c r u c i b l e  remained i n t a c t  throughout t h e  run .  There 
were no bulges ,  i n t e r n a l  c racks ,  o r  s e r ious  pene t r a t ion  of t h e  walls by t h e  m e l t  
(see Figure  7 ) .  
(2) The i n l e t  tubes (alumina surrounded by m u l l i t e )  were 
i n  e x c e l l e n t  cond i t ion .  There were no c racks ,  bulges ,  o r  carbon depos i t i on .  
( 3 )  The i n l e t  b e l l s  were i n  fa i r  cond i t ion  ( s e e  F igure  7 ) .  
One of t h e  t h r e e  i n l e t s  was shu t  o f f  during t h e  run because t h e  seal  between t h e  
i n l e t  tube  and b e l l  opened. The o the r  two b e l l s  operated throughout t h e  run wi th-  
o u t  f a i l u r e .  There was, however, a n  apprec iab le  amount o f  carbon depos i ted  on t h e  
i n s i d e  of  t h e  b e l l s  from 5 i n .  t o  8.5 i n .  above the  o u t l e t  end. The unreacted ca r -  
bon may be explained by assuming t h a t  t h e  melt  d id  not con tac t  it [ i .e . ,  t h e  p re s su re  
d i f f e r e n c e  between t h e  b e l l  i n l e t  and t h e  o u t l e t  from t h e  furnace  was not g r e a t  
enough t o  f o r c e  t h e  melt  t o  t h e  t o p  of t h e  b e l l  during t h e  "vent" cyc le  o r  t h e  "vent"  
cyc le  (3  min ou t  of every 30 min) was not  long enough t o  allow t h e  melt  t o  r e a c t  w i t h  
a l l  of t h e  carbon t h a t  w a s  formed during t h e  "on" c y c l e .  The former circumstance i s  
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(4) The b e l l s  cracked whi le  cool ing  after t h e  run  w a s  
t e rmina ted .  
20 min a f t e r  te rmina t ion  of methane flow i n  an  a t tempt  t o  sa lvage  t h e  i n l e t  b e l l s  
f o r  another  run .  A slower withdrawal rate w a s  i nd ica t ed  f o r  f u t u r e  runs .  
The i n l e t  tubes were ra i sed  5 i n .  ou t  of t h e  furnace  over  a per iod  of 
( 5 )  Some of  the alumina b a l l s  which were used f o r  i n s u l a -  
t i o n  f e l l  i n t o  t h e  melt  when t h e  i n l e t  b e l l s  were withdrawn. This  was t h e  r e s u l t  of 
t h e  c r u c i b l e  cover s t i c k i n g  t o  t h e  i n l e t  b e l l s  as they  were l i f t e d  ou t  o f  t h e  
furnace .  I n  t h e  next  run, t h e  cover was wired t o  t h e  c r u c i b l e ,  prevent ing a r ecu r -  
rence of t h i s  problem. 
(6) Some t roub le  was experienced dur ing  t h e  e a r l y  p a r t  o f  
t h e  run w i t h  subl imate  (a  very  f i n e  white d u s t  probably composed of sodium compounds 
and o t h e r  low-melt m a t e r i a l s  from t h e  basalt)  c logging t h e  product gas  f i l t e r .  This  
f i l t e r  w a s  redesigned; a second f i l t e r  was i n s t a l l e d  i n  s e r i e s  w i th  the  f i rs t  so t h e  
f i rs t  f i l t e r  can be bypassed and cleaned dur ing  a run .  
(7) The product gas o u t l e t  l i n e  from t h e  furnace  (5/16-in.  
alumina t u b e )  w a s  found t o  be n e a r l y  clogged w i t h  subl imate .  
t o  3 /8- in .  s i z e  and brought s t r a i g h t  up from t h e  furnace  so i t  could be e a s i l y  
c leaned during a run  o r  could be used t o  add more rock t o  t h e  r e a c t o r  dur ing  f u t u r e  
r u n s .  
This l i n e  w a s  increased  
b . Run 3, Reduction of Gran i t e  
The d a t a  f o r  Run 3 are repor ted  i n  Table 2 and Figure  8. I n  
t h i s  run, a charge of 454 g of g r a n i t e  was placed i n  a 2 .5- in . -d ia  by 8-in.-deep, 
O.25-in.-wall z i r c o n i a  c r u c i b l e .  I n l e t  tubes  similar t o  t h e  ones i n  Run 2 were used .  
The c r u c i b l e  w a s  placed i n  t h e  furnace and heated a t  t h e  rate of  about 75°C/hour up 
t o  1550°C Argon was purged through the furnace  and through t h e  i n l e t  b e l l s  dur ing  
t h e  warmup. A very  s m a l l  amount of carbon monoxide (0.2%) appeared i n  t h e  e x i t  gas  
as t h e  c r u c i b l e  temperature  approached 1 5 5 O O C .  
bon d iox ide  were found i n  t h e  product  gases  up t o  t h i s  t i m e .  
and analyzed by mass spectrophotometry ( s e e  Table 3 ) .  Samples 1 and 2, taken when 
t h e  c r u c i b l e  w a s  at 1150' and 1 3 5 O o C ,  r e s p e c t i v e l y ,  d i d  not  show any i m p u r i t i e s  such 
as s u l f u r  o r  phosphorus compounds. The argon flow through t h e  b e l l s  w a s  stopped and 
methane feed  s t a r t e d  when t h e  c ruc ib l e  temperature  reached 1 5 5 O 0 C .  The methane flow 
About 2 g of water  and 0.3 g of c a r -  
Gas samples were taken  
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was then  maintained a t  0 .2  g mole/hour and t h e  c r u c i b l e  temperature  w a s  he ld  at 1550 
t o  1650'~ f o r  15 .2  hours .  
clogged and t h e  conversion of methane t o  carbon monoxide was dropping g r a d u a l l y .  
The run was terminated because b e l l s  1 and 3 were becoming 
The rate of conversion of  methane t o  carbon monoxide (see 
Table 2 )  increased  s lowly  from about 40% f o r  about  9 hours after t h e  run was s t a r t e d  
t o  about 57% and then  slowly decl ined  throughout t h e  r e s t  o f  t h e  run t o  49%. Some 
carbon monoxide continued t o  be g iven  o f f  a f t e r  t h e  methane flow was shu t  o f f .  An 
o v e r a l l  conversion of methane t o  carbon monoxide of 54% was ob ta ined .  
c .  Methane i n  t h e  Product Stream 
A s m a l l  amount of methane w a s  p re sen t  i n  t h e  product  gas  
This w a s  due, a t  f i r s t ,  t o  t h e  back flow of  methane out  of s t ream ( s e e  F igure  8 ) .  
t h e  b e l l s  af ter  each cyc le  change. The r e s i d u a l  methane i n  t h e  b e l l s  was d isp laced  
i n t o  t h e  product gas s t ream by t h e  carbon monoxide which w a s  generated by t h e  rock 
r e a c t i n g  w i t h  t h e  carbon i n  t h e  b e l l s .  However, as t h e  run  progressed,  t h e  re- 
f r a c t o r y  cement seal between t h e  i n l e t  tube and i n l e t  b e l l s  g r a d u a l l y  opened and 
allowed inc reas ing  amounts of  methane t o  
w a s  cracked and l o s t  as carbon deposi ted 
t h e  product gas  s t ream. 
d .  Carbon Balance 
Table  4 presents  
t h e  36.2 g of  carbon charged as methane, 
bypass t h e  b e l l s .  P a r t  of t h i s  methane 
i n  t h e  furnace;  t h e  remainder appeared i n  
t h e  carbon balance obtained f o r  Run 3.  Of 
o n l y  53.6% of it w a s  recovered as carbon 
monoxide and 0.6% as carbon dioxide;  7.2% was recovered as methane i n  t h e  product  
gas .  
and carbon f i l t e r e d  from t h e  o u t l e t  gas f o r  3.0%. 
not  accounted f o r  q u a n t i t a t i v e l y ;  i t  was depos i ted  as carbon on t h e  i n s u l a t i o n  i n  
t h e  fu rnace .  
b l ack  . 
Carbon deposi ted i n  t h e  i n l e t  b e l l s  accounted f o r  20.4% of t h e  methane charged, 
The remainder, 5.5 g (15.2%), w a s  
The alumina and t h e  F ibe r f r ax  i n s u l a t i o n  i n  t h e  furnace  were q u i t e  
e .  Metal  and S l a g  Recovered 
The s l a g  recovered from t h e  run  w a s  a l i g h t  greenish-gray  
g l a s s .  Microscopic examination of t he  s lag  showed t h a t  i t  contained many very  small 
( less  than  0 .001- in .  d i a )  nodules of  metal .  
-
I n  a d d i t i o n  t o  t h e  microscopic nodules 
Page 6 
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of metal, t h e r e  were a few l a r g e r  nodules of metal ( 
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ip t o  about 1 /8- in .  d i a )  . The 
l a r g e r  ones were c o l l e c t e d  and found t o  weigh 0.34 g .  
i s  g iven  i n  Table 5 .  .The  average of two spec t rographic  ana lyses  showed t h a t  t h e  
meta l  w a s  58.3% Fe and 38.4% S i ,  t h e  balance being N i ,  Cu, and Ag. 
The a n a l y s i s  of  t h i s  m e t a l  
f .  S i l i c a  Reduction 
The above r e s u l t s  prove t h a t  some s i l i c a  w a s  reduced t o  s i l i -  
con. However, t h e  amount t h a t  was completely reduced w a s  much smaller than  expected.  
The amount of i r o n  meta l  found w a s  a l s o  small (3% of  t h e  t o t a l  expec ted) .  
1 . 6  g mole of carbon monoxide w a s  recovered from t h e  run .  
ox ides  i n  t h e  g r a n i t e  requi red  only  0.46 mole of  carbon f o r  reduct ion;  t h e  i r o n  
a c t u a l l y  reduced requi red  only  0.01 mole; t h i s  l e f t  1.13 moles of carbon t o  reduce 
s i l i c a .  The r e s u l t s  i n d i c a t e  t h a t  suboxides of i r o n  and s i l i c a  were formed and r e -  
mained i n  s o l u t i o n .  Apparently,  g r a n i t e  i s  much more d i f f i c u l t  t o  reduce t o  t h e  
f r e e  metals  than  b a s a l t .  
About 
The potassium and sodium 
g. Impur i t i e s  i n  the  Gas 
A s p e c i a l  e f f o r t  w a s  made dur ing  t h i s  run  t o  d e t e c t  any i m -  
p u r i t i e s  o r  t r a c e  elements i n  t h e  product gas  t h a t  would poison t h e  methanation 
c a t a l y s t .  I n  o rde r  t o  d e t e c t  any  a c i d i c  gases ,  t h e  product  gas  stream was bubbled 
f o r  6 min of each hour through a CNGA gas  absorber  conta in ing  0 .1  N NaOH. 
l i q u i d  w a s  t hen  analyzed by wet methods f o r  s u l f u r  and phosphorus compounds (see 
Table  3 ) .  No s u l f u r  was found; on ly  0.7 ppm of  phosphorus was found. Other gas  
samples taken  throughout t he  run ( s e e  Table 3 )  f o r  mass spectrophotometr ic  ana lyses  
d i d  not  con ta in  any unexpected g a s e s .  
Th i s  
B .  TASK 2, CARBON MONOXIDE REDUCTION, METHANE SYNTHESIS 
1. Reactor Modif icat ions 
S t a r t i n g  w i t h  Run 1-6, another  carbon monoxide feed  l i n e  was added 
t o  t h e  r e a c t o r  a t  12 .5  i n .  from t h e  bottom of t h e  c a t a l y s t  bed, t hus  g iv ing  f ive  l i n e s  
i n  a l l .  
mod i f i ca t ion  tended t o  lower t h e  o v e r a l l  temperature  r ise,  thereby  extending t h e  
Previous ly ,  t h i s  l i n e  had been t h e  f i r s t  of  t h e  r e a c t o r  sample l i n e s . *  This  
* 
See Aero je t -Genera l  Q u a r t e r l y  Report 0765-03-1, Cont rac t  NAS 7-225 (October 1964) 
f o r  a complete d e s c r i p t i o n  of t h e  methanation u n i t .  
C' 
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capac i ty  and e f f i c i e n c y  of t h e  c a t a l y s t  bed. 1-6, a F i s h e r  
Mine-Air gas b u r e t  w a s  i n s t a l l e d  i n  the  Orsat gas  ana lyze r .  This  long 100-ml b u r e t  
i s  graduated i n  t h r e e  s e c t i o n s  from 0 t o  72 ml by 0.2 ml, from 72 t o  94 m l  by 0.1 
m l ,  and from 94 t o  100 m l  by C . 0 5  m l .  
curacy o f  t h e  carbon d ioxide  determinat ions;  t h e  b u r e t  p rev ious ly  used was graduated 
by 0 .2  m l  throughout .  
Also s t a r t i n g  w i t h  Run 
This b u r e t  was i n s t a l l e d  t o  i n c r e a s e  t h e  ac -  ]I 
2 .  Reduction Experiments 
The f i rs t  long-durat ion carbon monoxide r educ t ion  run  w a s  completed 
dur ing  t h i s  r epor t  pe r iod .  
hours  (62 days )  w i t h  no i n d i c a t i o n  of a change i n  performance. 
p l e t e  60-day t e s t  a r e  repor ted  i n  Tables 6 through 9 .  
of r e a c t i o n  condi t ions  are grouped toge the r .  
The r e a c t o r  w a s  operated almost cont inuous ly  f o r  1495 
The d a t a  f o r  t h e  com- 
Data c o l l e c t e d  under each s e t  
f 
I 
The condi t ions  and product y i e l d s  f o r  Run 1 are l i s t e d  i n  Tables  
6 and 8, t h e  product  gas  ana lyses  are given i n  Table  7. 
ve r s ion  remained a t  100% throughout the run .  
over  t h e  e n t i r e  run a r e  as fo l lows:  
0 .4 .  
a h igh  space v e l o c i t y  (3000 h r ' l )  w a s  used. 
t h e  c a t a l y s t  remained h igh  throughout the run, and cond i t ions  are known t o  o b t a i n  
q u a n t i t a t i v e  conversion o f  carbon monoxide t o  methane and water. 
The carbon monoxide con- 
The percent  y i e l d s  of products  averaged 
methane, 99.8; wa te r  98.1; and carbon d ioxide  
The carbon d ioxide  y i e l d  became s i g n i f i c a n t  on ly  toward t h e  end of t h e  run  when 
These d a t a  i n d i c a t e  t h a t  t h e  a c t i v i t y  o f  8 
The carbon d ioxide  conc%entration a t  var ious  p o s i t i o n s  along t h e  
c a t a l y s t  bed are shown i n  Table 9 .  No measurable carbon monoxide was found a t  t h e s e  
sample s t a t i o n s .  
f o r  t h e  t h r e e  mixture  r a t i o s  (4:1, 3.5:1, and 3.1:l) and seven space v e l o c i t i e s  (1000, 
1250, 1500, 1750, 2000, 2500, and 3000 hr ' l )  used i n  Run 1. 
( a )  r e l a t i v e l y  s m a l l  i nc reases  i n  temperature as t h e  space v e l o c i t y  i s  increased ,  
( b )  a s m a l l  d r i f t  o f  t h e  maximum temperature po in t s  up t h e  c a t a l y s t  tube ,  and ( e )  a 
r e l a t i v e  deepening of  t h e  "va l leysT1 between t h e  maximum temperature  peaks.  
F igures  9 through 18 show t h e  c a t a l y s t  t ube  temperature  p r o f i l e s  
The v a r i a t i o n s  a r e  
1: 
After Run 1-7 w a s  completed, t h e  hydrogen and carbon monoxide were 
premixed and introduced through t h e  f i v e  feed  i n l e t s  for about t h r e e  hours .  There 
w a s  no apparent  d i f f e r e n c e  between t h e  two methods of  gas  in t roduc t ion ;  t h e  carbon 
monoxide conversion, carbon d ioxide  production, and temperature  p r o f i l e  as shown i n  
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F igure  19 shows t h e  v a r i a t i o n  i n  maximum c a t a l y s t  bed temperature  
w i t h  space v e l o c i t y  a t  a cons tan t  mole r a t i o  of 3.1:l. 
decreases  as t h e  space v e l o c i t y  inc reases .  
maximum temperature  i s  about 425OC wi th  an  i n l e t  temperature  of 250°C. 
i n  pa ren thes i s  i n  F igure  19 i n d i c a t e s  the p o s i t i o n  of m a x i m u m  temperature  on t h e  
c a t a l y s t  bed. F igure  20 i n d i c a t e s  t h e  rise i n  carbon d iox ide  product ion as t h e .  
space v e l o c i t y  i s  increased ,  holding the  mole r a t i o  cons tan t  a t  3 . l : l .  It appears  
t h a t  carbon d ioxide  product ion i s  t h e  l i m i t i n g  f a c t o r  toward inc rease  i n  space 
v e l o c i t y  r a t h e r  than temperature r i s e .  F igure  21  i l l u s t r a t e s  a t y p i c a l  gas  chromato- 
gram f o r  t h e  product  gas  (3 .1 : l  mole r a t i o ) .  
removed from t h e  gas  s t ream by a n  absorp t ion  tube  composed of  Dr ie r i te  and A s c a r i t e  
be fo re  t h e  stream e n t e r s  t he  gas chromatograph sample loop .  A l l  of t h e  peaks are 
a t t enua ted  by a f a c t o r  of 2, w i t h  t h e  except ion of t h e  methane peak which i s  a t -  
tenuated by a f a c t o r  of 100. 
The rate of  temperature  r i s e  
A t  a space v e l o c i t y  of 3000 h r - l ,  t h e  
The number 
The water vapor and carbon d ioxide  are 
Note t h e  absence of carbon monoxide i n  t h e  product g a s .  
Samples of t h e  water produced were analyzed f o r  h igher  b o i l i n g  
carbon-containing compounds (>C2) on a Wilkens H i  F i  chromatograph w i t h  a flame de-  
t e c t o r  and SE-30 column. 
w a s  checked w i t h  a convent ional  chromatograph w i t h  a the rmis to r  bead d e t e c t o r  and 
Carbowax 1000 column. No carbon compounds of any kind were found i n  t h e  water 
samples analyzed by e i t h e r  o f  t h e s e  methods. 
The presence of lower b o i l i n g  carbon compounds (C1 and C2) 
I V .  FUTURE WORK 
A .  TASK 1, CARBOTHEFMAL REDUCTION OF SILICATES 
Experiments on t h e  reduct ion  of s i l i c a t e s  w i t h  methane w i l l  cont inue  us- 
i n g  modified i n l e t  t ubes .  The ob jec t ives  of t h e s e  modi f ica t ions  w i l l  be  t o  prevent  
t h e  clogging o f  t h e  gas  i n l e t s  and t o  r e a c t  as much of t h e  methane carbon as p o s s i b l e  
w i t h  t h e  rock  m e l t  t o  form carbon monoxide and s i l i c o n .  
B- TASK 2 7  CARBON MONOXIDE RElDUCTION SYNTHESIS 
A run w i l l  be i n i t i a t e d  at a space v e l o c i t y  of 1000 h r - l  t o  check t h e  
c a t a l y s t  a c t i v i t y ;  t h e  r e s u l t s  w i l l  be compared wi th  those  obtained i n  Run 1-3. A 
90-day run w i l l  be made a t  space v e l o c i t i e s  below 1000 hr-'. 
PERSONNEL 
The sen io r  s t a f f  ass igned t o  t h i s  program was comprised o f  S .  D .  Rosenberg 
( P r i n c i p a l  I n v e s t i g a t o r ) ,  G .  A .  Guter ( S c i e n t i s t ) ,  F. E .  M i l l e r ,  and R .  L .  Beegle, 
Jr . 1 
V I .  EXPENDITURES AND COMMITMENTS 'I 
Approximately 1080 man-hours and $14,900 were expended on Contract  NAS 7-225. 
' I  
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ANALYSIS OF PRODUCT GAS SAMPLES FROM RUN 3 BY MASS SPECTROPHOTOMFTRY* 
Feed Gas Flow ( g  mole/hour) 






H ~ O  (mole$) 




4 5 3 - 
0 0 0.2 0.2 0.2 
1150 1350 1630 1-5 95 1630 
98.1 84.6 81.8 68.8 68.6 
0.2 2.6 0.2 0.2 0.1 
1.1 12.3 0 *7 0.6 1.5 
0.2 0 * 3  11.1 21.9 23 -3 
0 03 092 0.2 - - 
0.1 - 0.4 - - 
2 - 1 - 
Jt 
I n  a d d i t i o n  t o  t h e  samples f o r  mass spectrophotometry,  a s p e c i a l  gas sample 
was taken  throughout t h e  run i n  order  t o  d e t e c t  t h e  presence of minor gas  
i m p u r i t i e s .  For  s i x  minutes of each hour, t h e  product  gas w a s  bubbled through 
a gas  CNGA abso rp t ion  b o t t l e  conta in ing  0.1 N NaOH. This  l i q u i d  w a s  t h e n  
analyzed by w e t  methods f o r  s u l f u r  and phosphorus compounds. 
t h a n  1 ppm) w a s  found; on ly  a t r a c e  (0.7 ppm) of phosphorus w a s  found. 
No s u l f u r  (less 
Table 3 
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TABLE 4 
CARBON BALANCE FOR RUN 3 
4 Carbon f eed  as CH 
Carbon recovered as CO 
Carbon recovered as CH i n  o u t l e t  gas 
Carbon recovered as  CO i n  o u t l e t  gas 
Carbon recovered as carbon i n  i n l e t  tubes  
Carbon recovered as carbon i n  o u t l e t  f i l t e r  
4 
2 
Estimated l o s s  i n  furnace 
T o t a l  










ANALYSIS OF METAL RECOVE€ED FROM RUN 3 
BY EMISSION SPECTROSCOPY 
Metal 
I r o n  
S i  li con 
Nickel  
Copper 
S i l v e r  
w t %  
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Report No. 0765-03-2 
r l c o u 3 F O l n N d m d M O  
M N N N M M M M N M M M  
M M M M M M M M M M M M  
FcommcoFu3F 
M M M M M M M M  
M M M M M M M M  
0 N N  T I  l n c o  F M M u 3  mu3 
d d r l d d d d r l r l d d d  
0 0 0 0 0 0 0 0 0 0 0 0  
. . . . . . . . . . . .  Fu3lnlnlnlnlnrn rlddrlr ldrlr l  
0 0 0 0 0 0 0 0  
. . . . . . . .  
. . . . . . . . . . . .  
d d r l r l r l d d d d r l d r l  
m m m m m m m m m m m m  
M M M M M M M M M M M M  
M M M M M M M M M M M M  
. . . . . . . . . . . .  r idddrlr l r l r l  
M M M M M M M M  
? ? ? ? ? ? ? ?  
T a b l e  6 
Sheet  1 of 3 
Report No. 0765-03-2 
cnocolncoF\Dt-mcn 
r lNrlr lddrldr lr l  
0 0 0 0 0 0 0 0 0 0  
. . . . . . . . . .  " M M  N N N N  
0 0 0 0  
. . . .  . . . . . .  
0 0 0 0 0 0  
0 0 0 0  Q a w F  
lnlnlnln 
M M d N  cn\DFcncow 
FF-c-L- t -L -  
M M M M M M  
. . . . . .  . . . .  
N d N N  
M M M M  
0 
N F N N  
O N 0 0  . . . .  
N d "  
. . . . . .  
N N T U N C U C U  
. . . . . . .  
N N N N  M M M  
I n In lnLn  cocococo. . . .  
r l r l r l r l  N N "  M M M  
Table 6 
Sheet 2 of 3 







m a  c 
aal c 
alm 
w -  w 























































Sheet  3 of 3 




Report N o .  0765-03-2 
TABLE 7 
PRODUCT GAS ANALYSIS 
Composition of Product Gas ( ~ 0 1 % )  














1 - 2 i  
1-2 j 
1-2k 


















1-4 j  
1-5a 
1-5b 
1 - 5 ~  
1- 5d 
(49 -7)" 0 .o (49 -8)" 0 .o (0.5)" 
26.2 
35.6 












3 .4  
3 - 7  
4 .O 
4.2 
2 -9  
2 .2  
6.7 
7 - 6  
7.6 



















































91  -7 
94.1 






































0 . 4  
0 . 4  
0 . 4  
0.4 
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0.4 
0.4 
0 .4  
0 . 4  
0 .4  





6 . 1  0 .o 91.6 1 .ob 0 -3 
6.2 0 .o 92 .o 1.3b 0.3 
8 .O 0 .o 91.1 0.3 0.3 
7 .8  0 .o 91 -25 0.25 0.3 
~ ~~~ 
a Average value for  t h i s  po r t ion  of the run .  
bHydrogen metering o r i f i c e  p a r t i a l l y  clogged: H2/CO mole r a t i o  = 2.97:l. 
Table 7 
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TABLE 7 ( c o n t . )  
Composition of Product G a s  (~01%) 
H2 - co CH4 - c02 H2° 
8.5 0 .o 90.6 0 -35 0.3 
8.1 0 .o 90.8 0.35 0.3 
8.4 0 .o 90.5 0.30 0 -3 
8.2 0 .o 90.8 0.25 0.3 
7.8 0 .o 91.1 0.30 0.3 
7.9 0 .o 90 -9 0.35 0.3 
7-9 0 .o 91.2 0 -35 0.3 
7.7 0.0 91.4 0 -35 0.3 
7 -6 0 .o 91.4 0.45 0.3 
8.1 0 .o 91 .o 0 -35 0.3 
12 .2  0 .o 87 .o 0.35 0.3 
12 .1  0 .o 86.9 0 -35 0.3 
12.5 0 .o 86.5 0.45 0 -3 
10.2 0 .o 86.3 1 - 5 5  0.3 
9.6 0 .o 86.2 1 . 4 5  0.3 
Table 7 










































3 . 5 ~ 1  
3 . 5 ~ 1  
3e5:1 
3.5:l 
3 . 5 ~ 1  
3.5:l 







3 . 1 ~ 1  
3.1:1 
3.1:1 









3 . 1 ~ 1  
3 . 1 ~ 1  
3 . 1 ~ 1  
3.1:1 
3.1:1 
3 . 1 ~ 1  
Space 
Velocity 
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TABLE 8 
CARBON MONOXIDE CONVERSIONS AND PRODUCT YIELDS 











































100 e 5 
99.6 
105.6 
97 e 8  
89.8 
93.3 
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R u n  1 average 
Actual Product Y i e  
(mole $1 
H2° 
a 98 9, 
95.9 
06.7 

















































Discounting 1-5a and 1-5b a 
T a b l e  8 
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Veloc i ty  










COLUMN SURVEY FOR CARBON DIOXIDE 
C02 Concentrat ion (mole $) i n  Reactant 
Gas Sampled From Severa l  C a t a l y s t  Nominal 
H2/CO Bed P o s i t i o n s  ( i n . )  Mole 
Rat io  32 .o - 25.5 -12.5 19 .o -
4.0:1 
3.5:1 
3 . ~ 1  
3.1:1 
3.1:1 
3 .1: l  
3 . ~ 1  
3.1:1 
0.6 0 .o 
1 .o 0.2 









0 .1  
0.9 
1 - 5  
1.8 









Note: I n  Run Nos. 1-6 through 1-9, t h e  12.5 i n .  sample l i n e  w a s  used as t h e  
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S i l i c a t e  Rock Reduction Furnace Assembly 
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Furnace Top Ready f o r  Assembly 
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Reactaiyt Gas Inlets 
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Cont ro l  Panel,  Rock Reduction Furnace 
F igure  5 
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Res i d  ua 1 1 P. 2 
Slag 
Zirconia  Crucible  and I n l e t  Be l l s  from Run 2 
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Figure 13  
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